Batch processes are usually complex and highly nonlinear systems. Modeling error can be the cause of bad performance when optimal input profiles computed for a particular model are applied to the actual plant. The approach followed in this paper use the available model and actual plant measurements to modify the operation of the next batch, without requiring the remodeling the process. The effect of model error on the convergence of the iterative batch to batch input profile determination is investigated. The method is applied through computer simulations to the determination of the optimal feedrate profile for a cell mass production process. A model parameter update scheme is also proposed, based on the convergence analysis. This is applied to the detennination of the optimal temperature profile of bulk polymerization of the optimal temperature profile of styrene.
I Introduction
Batch processing is becoming increasingly important in the polymerization and biochemical industries. The modeling of such processes often involves complex reaction mechanisms combined with empirical relations. Model plant mismatch always exists, and it may be the cause of bad performance when optimal input profiles computed for a particular model of a semi-batch process are applied to the plant.
To account for such difficulties, we examine an algorithm that directly modifies the input profile u(t) during the course of successive batches. The procedure aims at using information from previous batches to improve the operation of the next without requiring the usually very complex task of remodeling the process. An approximate gradient of an appropriate objective function, based on both the available model and the measurements obtained Supported in part by the National Science Foundations's Engineering Reearch Centers Program: NSFD CDR 8803012. tAuthor to whom correspondence should be addressed. Email: zafiriouNcacse.src.umd.edu. from the actual plant, is computed and then used to find the-next input profile, until no further improvement in the objective function can be obtained. In this paper, the proposed approach is demonstrated through computer simulations on a cell mass production process in the presence of modeling error. The effect of model uncertainty on the convergence (from batch to batch) is also considered. A convergence analysis after each iteration may be used to help modify the values of certain model parameters, if so desired. This procedure is demonstrated on the problem of determining the minimum-time temperature profile for the batch bulk polymerization of styrene. The methodology can be applied on any systems operated in semi-batch mode, regardless of their nature.
2 Iterative Batch-to-Batch Input Profile Determination
Methodology
The approach was introduced in [71 and it is based on the analogy between the iterations during the numerical optimization of the appropriate cost functional (objective function) on one hand and the successive batches during the operation of the plant on the other. A gradient computation after every batch is required. The gradient computation in numencal optimization involves two integrations. The first forward integration of the nonlinear differential equations that describe the plant, is not carried out numericaUy in this approach, but rather it is carried by the actual plant itself, its result being the plant measurements. Note that since these measurements are not used for on-line control, no instantaneous measurements are required. For example, samples of the product can be collected during the course of the batch and sent for analysis. The second backward integration of the adjoint system, however, requires the use of the process model. The result of the above procedure will be an estimate for the gradient, defined as g(t). This g(t) is then used to compute the search direction that will result in the next input profile, so that a steady improvement in performance is accomplished from batch to batch. This technique is shown in Table 1 .
Step 5 uses the steepest 
A Fed-Batch Fermentation Example
We consider the cell mass production problem described 
where as is the limit imposed by constraints; and a, is a limit on maximum adjustment of actual plant. For every a, step 1 has to be repeated, until the line search is terminated.
in [4, 6] . The original problem is singular, but a change of the optimization variable from flowrate to volume and discretization of (5) below results in a non-singular problem [5] :
(3)
where X and S are cell mass and substrate concentration; F and V are flowrate and volume respectively. The optimal volume profile V(t) is shown in Fig. 3 (dotted line), where (XV)o = Ig, (SV)o = 5g, (V)o = 1L,VU = 5L, FI, = 4L/h, SF = lOg/L, tf = 6h, J(V") = -16.304, the subscripts 0 and F denoting initial conditions and feed stream respectively. The above case is defined as nominal for the following simulations. We emulate model-plant mismatch by introducing error in (7) , which describes the relationship between the yield coefficient and the substrate concentration. Figure   I shows the experimental data given in the literature [1] and a plot of (7). To emulate the model error, we will assume that Y(S) for the true plant is given by the dotted line in Fig 1. This corresponds to introducing an uncertain parameter k in the yield expression: Fig. 1 shows yield curves of (9) with k=1 (model), k=3 (plant). -11
'-13. Satisfaction of (13) guarantees that s(t) is a descent direction for any possible plant. This condition however may be difficult to satisfy because of its inherent conservativeness. This is due to the fact that s(t) corresponds to the "true" value of K, whose effect on s(t) comes from step 1 of the procedure (right column of Table 1 ). Hence it may very well be a descent direction for that particular Ktru if < -g(t;Ktr,,),(t) > is positive, while (13) used in the model is not in Q, then it is modified and set to either w1 or w2, whichever is closest to the previous value. This technique is illustrated with an example in the following section. For more than one uncertain parameters, the method is conceptually the same, but the construction of the set Q is a more challenging task.
A Bulk Polymerization Example
The thermally initiated bulk polymerization of styrene was modeled by Kwon and Evans [2] through reaction mechanism analysis and laboratory tests. The control objective is to find the optimal temperature profile that minimizes the batch time required to reach the specified conversion (80%) and polymer properties (final specific number average chain length (NACL) and weight average chain length (WACL) equal to 1 We emulate model-plant mismatch by introducing error in the parmeters of the empirical relation between the properties of newly formed increment of polymer and temperature: x°= A,,ep(B/T) (14) where 4o is the WACL formed at the current absolute temperature T. This is an empirical relationship and the coefficients A,,, and B are obtained experimentally [2, 3] .
The procedure of section 2.1 was applied to this system for a number of different modeling errors in [8] . The case for 50% error in A,,, is shown in Fig. 6 (dotted line) .
Clearly this was sufficient to cause a very large error in the optimal value of the reaction time. The methodology led to the true optimum in about 5 batches without modifying the inaccurate model. More details can be found in [8] . Note that the maximum adjustment (AT)m,s (which determines a, in Table 1 ) is selected 50C, and varies with the difference AJ in t-he performance index J between the end results of the last two line searches (which are carried out as described in the right column of Table 1 Table 2 and Fig. 6 . We consider two cases. In both the error lies in A.. In the first case the robust convergence condition is correctly computed over possible values of A,, and its value in the model is appropriately modified, when needed. In the second case, we assume that the uncertain parameter is B, and proceed with modifying its value, although the error is in A". Table 2 correspond to the number of line searches made and not to the number of batches, since each line search, as mentioned in Table 1 , usually requires more than one batch. The coordinate in Fig. 6 though, corresponds to number of batches. As it can be seen from Fig. 6 shows that this creates no problems, and that it actually speeds up the convergence to the true optimal opearting A condition was also developed that guarantees that the gradient estimate is indeed a descent direction for every possible value of the uncertain parameters of the system. This condition is sufficient only, and thus conservative. When it is not satisfied, this fact can be used to narrow down the region of uncertainty and modify the parameter values in the model. This technique was successfully applied to simulations of a thermally initiated bulk polymerization of styrene. Further work is needed in order to provide a computationally efficient procedure for the multi-parameter case.
